ABSTRACT The conformation of the synthetic DNA, poly-[d(A-T)d(A T)J, has been investigated both in the solid state and in dilute aqueous solutions at different temr ratures below its melting point The change of the circular dichroism (CD) spectra of poly[d(A-T)d(A-T)J solutions with decreasing temperatures from just below the melting point to 00 involves a specific de-crease of the intensity of the 262 nm CD band. This conformational change has been assigned to a gradual and partial transition from the B to C form, on the basis of the following results:
ABSTRACT The conformation of the synthetic DNA, poly-[d(A-T)d(A T)J, has been investigated both in the solid state and in dilute aqueous solutions at different temr ratures below its melting point The change of the circular dichroism (CD) spectra of poly[d(A-T)d(A-T)J solutions with decreasing temperatures from just below the melting point to 00 involves a specific de- crease of the intensity of the 262 nm CD band. This conformational change has been assigned to a gradual and partial transition from the B to C form, on the basis of the following results:
(i) By the use of infrared dichroism measurements on oriented films we have defined humidity and be entirely explained on the basis of changes in the doublestranded base-paired structure. Our data rule out hydrogen bond breaking and unstacking or "breathing" as an explanation of the premelting changes. Curves of the continuous variation of CD (AE at 262 nm) as a function of temperature (from 00 to the melting zone) show similar slopes in the presence of different agents stabilizing the double-stranded structure, such as Mg++ or at different salt concentration (KCI), indicating that the nature of the process is independent of ionic strength. Some specific effects were observed in the influence of certain neutral salts; ammonium induces the C form whereas magnesium favors the B form.-CD data give direct evidence that a DNA like poly[d(A-T) d(A-T)J need not change conformation upon transition from a dilute aqueous solution to a highly hydrated (film/gel) solid state. The change of conformation begins only at a defined partial dehydration.
One of the unexplained phenomena in molecular biology is the exact nature of premelting changes in DNAs. Many observations indicate the occurrence of significant changes in DNA structure at temperatures below the helix-coil transition. Such changes were initially detected by optical rotation at the sodium D line (1) and by viscosity measurements (2). They have since been confirmed by the more sensitive method of UV circular dichroism (3) . That these occur in a temperature region below the helix-coil transition is indicated by the constant absorbance at 260 nm. The positive circular dichroism (CD) band of DNA becomes more intense as the temperature increases toward the melting temperature (tm). Explanations proposed for the premelting phenomenon postulate the existence of some conformational alterations of DNA before the transition to the random coil (3). More recently these CD observations have been confirmed and extended to different DNAs of various origins and base compositions (4) . All DNAs exhibit the CD premelting phenomenon. Oligomers of d(AT)n with n = 10-21 yielded results similar to those found for the polymer, without showing chain length dependence. This indicates that the cooperative unit in this transition is very small (4) .
Although the premelting phenomenon in DNA can be detected by several methods, it is not observable by changes in hypochromicity (3, 4) or by Raman scattering (5, 6) . In fact, investigation of poly[d(A-T)-d(A-T)] by laser Raman scattering indicates the absence of any premelting spectral changes (7), whereas in DNA the changes before melting are observed only at temperature higher than about 50°C (5) .
Since the premelting changes of DNA are observed by CD at temperatures of biological reactions, they may be important in biological processes. For 
were prepared for CD measurements by first carefully spreading the polymer solution on quartz plates in such a manner as to avoid orientation and then placing them in a specially designed humidity chamber that resembled those used for infrared measurements (12, 13) .
CD measurements were performed using the dichrograph constructed in this laboratory (Brahms and Brahms, Abbreviations: CD, circular dichroism; tm, melting temperature. Beckman IR 9 spectrophotometer equipped with a wire grid polarizer by a previously described procedure (13) .
RESULTS

CD of Poly[d(A-T)d(A-T)]
Solutions below the ti. Appreciable changes in the CD spectrum are observed (Fig. 1) when the temperature of poly[d(A-T).d(A-T)] solution is decreased from just below the tm to low temperatures (4, 14) . The long wavelength, positive CD band has a very well resolved structure, consisting of at least three electronic transitions. With decreasing temperature, the 262 nm band undergoes an appreciable decrease in intensity, the 270 nm band shows the same kind of effect to a smaller extent, while the 278 nm band maintains a constant intensity but shifts slightly to the red. An isobestic point at 278 nm characterizes the set of curves at different temperatures. The position of the isobestic point was the same for the two ionic strengths considered (0.01 M KC1 and 0.1 M KCl). A set of curves exhibiting a distinct isobestic point characterizes two conformation states.
The continuous variation of the CD intensity at 262 nm as a function of temperature under various solvent conditions is shown in Fig. 2 . The changes were found to be exactly reversible over the whole temperature range for the three ionic strengths represented (curves [1] [2] [3] , for the magnesium-containing solution (curve 4), and with ammonium sulfate (curve 5). The intensity variation is linear at low temperatures but reaches a plateau before the cooperative melting of the double-stranded structure; Although there is a marked dependence of the tm upon the ionic strength, the behavior in the premelting zone is less sensitive to counterion concentration. Altogether the increase of ionic strength by several orders of magnitude is equivalent to a shift of only about 100 in the premelting variation of the CD signal.
The addition of 10MM Mg++ to a solution of 2 mM phosphate leads to an appreciable increase in the tm (about 250C) but there is no change of the slope of the premelting curve, only an increase of the signal corresponding to a temperature shift of about 80C (compare curves 1 and 4, Fig. 2 ). It is known that the addition of magnesium in small amounts, i.e., when the mole ratio of DNA phosphate to magnesium is greater than 1, shifts the tm and produces a stabilizing effect on DNA secondary structure (15, 16) , yet under these conditions the premelting is not inhibited. Thus it seems difficult to consider unpairing of bases as an explanation of the premelting phenomena.
In contrast, the addition of 0.05 M ammonium sulfate induces a change in the CD signal corresponding to a large decrease of temperature. It is to be noted that the agents used are inducing different effects which might be considered as specific, i.e.,
Mg9l2 favors the transition to the higher temperature form of poly[d(A-T).d(A-T)]
, whereas ammonium sulfate favors the lower temperature form.
On the basis of these observations, we can conclude that the CD spectra reflect some overall change in the conformations of bases that remain in double-stranded helical structure. Our conclusions are in complete accord with those of Gennis and Cantor (4) .
What is the nature of this premelting change? In the following sections we shall show that the solution conformation 
-T).d(A-T)]
in a solid film at high humidity with the spectra observed in dilute solution at moderate ionic strength (i.e., 10 mM and 100 mM salt). In fact, these film spectra are indistinguishable from the solution spectra (filled points). Furthermore, this highhumidity spectrum is regained after dehydration and subsequent rehydration of the film. This suggests an identity of the conformation of poly Tunis-Schneider and Maestre (17) and Maestre (18) in their pioneering studies of the CD of DNA films. The intensity of the 262 nm band starts to decrease at about 90% relative humidity, and the CD spectrum under these conditions is similar to that observed at low temperature in dilute aqueous solution (see Fig. 1 ), or of ammonium sulfateaqueous solutions (Fig. 3, dotted line) . The band at 278 nm remains almost unchanged, undergoing only a small red shift. A shift to the red is also observed for the band at 246 nm as compared to the B conformation. The solid curve (Fig. 3) (Fig. 3) . At lower humidity (i.e., equal and below 76%), the poly- Fig. 4 . In particular, the band at 1230 cm-1, which at high relative humidity is weakly perpendicular-polarized, becomes parallelpolarized at lower humidities. This parallel polarization of the 1230-cm 1 band is typical of the C conformation, and has been observed only in DNAs in this form (22) and confirmed by recent x-ray diffraction studies (23) . Fig. 5 shows a plot of the angle 01230 and 01090 that the P02-groups form with the helical axis, i.e., the angles corresponding to the line joining 02-03 and the bisector of the OPO angle, respectively. One can clearly distinguish two plateaus characteristic of the presence of the two semi-crystalline forms, separated by a transition zone in the neighborhood of 80% relative humidity. Table 1 indicates the values of the angles of P02-groups of poly[d(A-T).d(A-T)] (Li+) at low humidity (relative humidity below 76%). It is shown that the direction of the 02-03 line of the P02-group (i.e., 012ao) changes from 570 at high humidities to 50°-51°at lower relative humidity, whereas the bisector of the OPO angle (O0ow) changes its orientation from 74°to 70°.
Infrared Studies of Oriented Polyld(A-T)d(A- ¶)] Film. An oriented poly[d(A-T).d(A-T)] (Li+
[d(A-T)-d(A-T)] [d(A-T)-d(A-T)] (Li+[d(A-T)-d(A-T)] (Li+) spectrum changes as shown in
These values of conformational angles of poly[d(A-T)-d(A-T)]
(Li+) at lower humidities indicate a change to a C-type form very similar to that observed for DNA (22) .
Recent infrared results (Brahms and Brahms, unpublished) indicate that in the presence of (NH4)2SO4 the C form may be stable to very high relative humidities. DISCUSSION Nature of Premelting Changes. The identification of the structural forms in poly[d(A-T).d(A-T)] films under controlled relative humidity and salt concentration allows one to unambiguously assign the CD changes observed in solution in the premelting zone to a progressive conformational change from C to B forms as the temperature is raised toward the melting point. This is in agreement with the earlier tentative conclusion by Gennis and Cantor (4) . The (Fig. 2 ) will correspond to a transition from a predominately B structure at higher temperature to a C conformation, which will be the stable form at some low temperature. From comparison of the magnitude of change observed over the range accessible in aqueous solution to the total difference between spectra of B and C forms in the films we can conclude that poly[d(A-T).d(A-T)] would (hypothetically) be entirely in the C form in aqueous solution at about -800C (see Fig. 6 ).
(ii) Gennis and Cantor (4), indicates that the "cooperative unit" must be small. But there must be at least short-range cooperativity, even in the B-C transition, for the value of AH0 = 10 kcal (as measured by the van't Hoff plot in Fig. 6 ), is too large to be reasonably ascribed to a single base pair transition.
In contrast, the B-A transition is highly cooperative, at least in films (10) , and it is hard to envision its occurring in short local stretches under any circumstances. This greater facility for relatively short DNA segments to undergo the B-C change may be particularly important for the interaction with proteins, in which the DNA native B form can be locally deformed in order to form the complex. 
